Aims. A study of the time sequence of optical colours of a large sample of nearby Type Ia supernovae (SNe Ia) is presented. We study the dependence of the colour time evolution with respect to the lightcurve shape, parametrized by the stretch factor. Methods. We fit the spectral template that minimizes the colour dispersion in SNe Ia, as measured through UBVRI photometry of near-by supernovae. Results. A clear colour dependence upon lightcurve shape is found, with the narrower lightcurves being redder up to about one month past lightcurve maximum. We also derive an average reddening law, after correcting for lightcurve shape differences in intrinsic colour, that is well described by a Cardelli, Clayton & Mathis law with R V = 1.75 ± 0.27 for 80 Type Ia supernovae with E(B − V) ≤ 0.7 mag. A subset sample including 69 SNe with modest reddening, E(B − V) < 0.25 mag, yields a significantly smaller value, R V ∼ 1, suggesting that the observed reddening of Type Ia supernovae may have a more complex origin, perhaps involving other processes beside extinction by interstellar dust in the host galaxy.
Introduction
The use of type Ia supernovae (SNe Ia) as standardized candles has been successfully exploited in recent years as a precise tool for cosmology to discover the acceleration of the Universe through some yet undetermined dark energy (Riess et al. 1998; Perlmutter et al. 1999 ). More recently we have seen the start of the second generation of supernova surveys, with dedicated supernova searches (e.g SNLS 1 , SDSS 2 , ESSENCE 3 ) and massive spectroscopic follow up. The results from these surveys are showing that increasing the number of supernovae populating the Hubble diagram at high redshift may not be sufficient to discriminate among alternative dark energy models. Systematic uncertainties appear to be the limiting factors for the ongoing supernova efforts (Astier et al. 2006; Wood-Vasey et al. 2007) .
Dimming by dust along the line-of-sight, predominantly in the host galaxy of the supernova explosion, is one the main sources of systematic uncertainty, see e.g. Knop et al. (2003) . For Type Ia supernovae, two additional causes of reddening are sometimes suggested: extinction by circumstellar dust and the possibility of an intrinsic colour-brightness relation. The last two scenarios further complicate the prospects to disentangle the effects and their possible evolution with cosmic time.
Our ability to correct for these effects relies on the knowledge of the intrinsic colours of SNe Ia, as well as on the nature of the reddening. The latter is often assumed to be similar to what is found for extinction by dust in the Milky Way. As we will see in section 6, this is not necessarily the case, and needs further investigation.
The effect of cosmological redshift on the measured broadband filters is accounted in a straight-forward manner through K-corrections (Kim et al. 1996) . However, the SN spectrum is usually not measured at all epochs, since typically only few spectra are taken to allow type identification. The standard technique consists in using spectroscopic templates, built by averaging spectra of well observed (mostly nearby) SNe Ia. Thus, the uncertainty in K-corrections depends primarily on the spectroscopic diversity of SNe Ia. Nugent et al. (2002) showed that changes in individual spectral features do no significantly affect K-corrections, as long as there is a good match between the observed and the rest frame bandpass filters. These are instead mainly sensitive to the supernova colours. Once again, the knowledge of intrinsic SN colour can help to solve one of the limiting factors in supernova cosmology.
This issue becomes even more critical when dealing with the observations of very high-z SNe, for which the rest frame extends, partly or entirely, into the UV part of the spectrum. Our limited knowledge of the supernova properties in the U-band, due to poor telescope and CCD sensitivity at these wavelengths, was identified as the main source of uncertainty in the determination of cosmological parameters in Knop et al. (2003) .
Some efforts to observe SNe in the U-band have been made and collected a number of nearby SNe data (Jha et al. 2006; Pastorello et al. 2007; Stanishev et al. 2007) . At the same time there have been attempts of using spectra of high redshift SN Ia from the SNLS sample, redshifted to optical wavelengths with good sensitivity, under the assumption that there is no evolutionary trend in the SN spectrum (Guy et al. 2005 Hsiao et al. 2007 ). This assumption may not hold up to arbitrary redshifts. As the average metallicity of the universe increases with cosmic time, it is not unreasonable to expect that high redshift SNe Ia stem from environments with lower average metallicity. The effect on the spectral energy distribution of a lower metallicity progenitor has been modeled by Hoeflich et al. (1998) and Lentz et al. (2000) who found that such SNe Ia, especially at early epochs, are expected to show enhanced flux in the UV region of the spectrum, weaker absorption features in the optical and a shift in the minima of optical absorption features to redder wavelengths (see, however, Ellis et al. (2007) ).
In this paper we present a statistical study of U − B, B − V, V − R and R − I colour evolution for 80 nearby supernovae. This work is a continuation of the analysis presented in Nobili et al. (2003) , with an increased sample and with the addition of Uband data. This allowed us to study the dependence of colours on the stretch factor. That is, in turn, applied to correct the spectral templates used for computing the K-corrections. The knowledge of intrinsic colour dispersion is further used to study the average properties of the extragalactic reddening law of SNe Ia.
In section 2 the data set used in this paper is presented. In section 3 we investigate the correlation of colours with lightcurve shape, and estimate colour curve models for typical SNe Ia. The study of intrinsic dispersion in colours is reported section 4 report. In section 5 we discuss the use of our colourstretch relation to modify the spectral template for computing K-correction, and compare our results with previously published estimates. Finally in section 6, we discuss the implication of our analysis for computing the effective average extinction law of SNe Ia.
The data set
We present the analysis of the colour properties of a collection of 80 well observed nearby SNe Ia available from the literature. This includes the Calan/Tololo data set (Hamuy et al. 1996) and the CfA data set (Riess et al. 1998) , analyzed in Nobili et al. (2003) , and the more recent data set by Jha et al. (2006) , together with some single very well observed nearby supernovae (SN 2001el (Krisciunas et al. 2003 ), SN 2000ca and SN 2001ba (Krisciunas et al. 2004a ); SN 2001cn (Krisciunas et al. 2004b); SN 2001V (Vinkó et al. 2003 ; SN 2002er, (Pignata et al. 2004 ); SN 2003du (Stanishev et al. 2007); SN 2005cf (Pastorello et al. 2007 ). Sub-luminous Type Ia SNe, 1991bg-like, were not included in the sample nor supernovae with poor B-band sampling around lightcurve maximum. Out of these 80 SNe, a subset with moderate colour excess, E(B − V) < 0.25 mag 4 , was selected to study the intrinsic colours of Type Ia supernovae. The complete list of the SNe used is reported in Table 1 together with the observed filter data available, redshift and fitted B-band stretch factor (s) (Perlmutter et al. 1997; Goldhaber et al. 2001) . Figure 1 shows the distribution of stretch factors and redshifts for the whole sample.
The data have been K-corrected to the rest frame bandpass, following Kim et al. (1996) , assuming Bessell filter transmission curves (Bessell 1990 ). The spectral template used for computing the K-corrections was obtained by Hsiao et al. (2007) by averaging about 600 spectra of SNe Ia at different epochs. The sample used for this analysis includes nearby supernovae with redshifts up to ∼0.1, with most of the SNe at z < 0.06 (see Fig. 1 ). Our ability to correct for extinction, i.e. to compute the colour excess E(B − V), depends on our knowledge of the intrinsic colours of SNe Ia. Thus, an iterative procedure has been adopted until the procedure converged, as explained in the next section. 
The colour-stretch relation and colour time evolution
The correlation between colours and lightcurve shape parameter is a known property of SNe Ia. Phillips et al. (1999) showed the dependence of B − V and V − I at lightcurve maximum on the shape parameter. We use the larger data set available to extend the analysis to all epochs up to 60 days after lightcurve maximum. We also expand the wavelength range to also include the U-band. As in Nobili et al. (2003) , the SN colours are derived from the data points, without any interpolation. For this to be possible, the SN should be observed in at least two different bands at the same epoch, which is often the case. Thus, the B-band lightcurve fit is performed exclusively with the aim of determining the time of maximum and the stretch factor. We consider the rest frame time since B-band maximum, t, and the stretch factor, s, as two independent variables. We also introduce the colour excess E(B − V) for each SN as independent variable. Each colour U − B, B − V, V − R and R − I is fitted with a parametrised function:
where X and Y are arbitrary filters, a(t) and b(t) are determined as least squares cubic spline fit of 6 knots each, distributed in the time range between -10 and +60 days with respect to the time of maximum light. The knot positions are chosen to minimize the number of knots while yielding a good fit to the data. Note
Nobili and Goobar: The colour-lightcurve shape relation of Type Ia supernovae and the reddening law 3 that, in this parametrisation, the b functions correspond to the colour curves for a stretch factor s = 1 SN, while the a functions give the dependence of the colours on stretch. Different dependences on stretch have been investigated, e.g. (1/s 3 − 1) used by Knop et al. (2003) . However, the simplest choice of Eq. 1 describes the current data best. The c XY parameters are fitted for each of the colours without assuming any specific wavelength dependence of the dimming of Type Ia SNe. An interactive procedure was applied as follows: (Cardelli et al. 1989 )(CCM), as modified by O'Donnell (1994) . The corrections are computed by reddening the SNe Ia spectral template at different epochs, and integrating in all band-passes. 4. Compute K-corrections for each SN using the spectral template corrected by the colour-stretch relation determined in the previous iteration. In the first iteration, K-corrections where computed without using any colour-stretch relation, i.e. as if all SNe had s = 1. 5. Compute the colour excess E(B − V) as weighted average excess for all epochs from the B − V colour curve for each supernova determined in the previous iteration. The inverse square of the uncertainty on the individual colour measurements, 1/σ 2 i , is used as weights in the average, and the uncertainty on E(B−V) is determined as 1/ 1/σ 2 i . For the first iteration, an initial colour excess E(B − V) for each SN was estimated following the method described by Phillips et al. (1999) . 6. Fit the function in Eq. 1 to the data separately for each colour. 7. Modify the spectral template for the average colour-stretch relation.
The spectral template colours are modified by using a cubic spline interpolation of the ratio between the synthetic photometry and the new photometry at the effective wavelengths, for the U, B, V, R and I-band. These are determined from the fitted colour curves as follows:
where B ′ indicates the B-band lightcurve by Goldhaber et al. (2001) , and the colours between brackets are the one fitted in the previous iteration.
The steps 1-7 were repeated until the difference in the colourcurves between consecutive iterations changed by less than 0.5%. Only three iterations were needed to reach such precision.
Tables 5 -8 report the values for a and b for each colour as a function of time. Figure 2 shows the time evolution of U − B, B − V, V − R and R − I for different values of the stretch factor, s = 0.8, 0.9, 1.0, 1.1, 1.2. Figure 3 gives a comparison of the a parameter fitted for each of the colours. For U − B the dependence on stretch is substantial already before maximum light, and decreases with time (see discussion in Section 8). In all other cases, the dependence on stretch peaks between 15 and 20 days after B-band maximum. This coincides with the epoch at which the photosphere recedes into the core of the supernova, and absorption features from iron group elements appear in the spectrum. Kasen & Woosley (2007) show that the colour evolution depends on the ionization evolution of the iron group elements, which is faster for dimmer supernovae. Their model dependence is in good agreement with the results of this work.
Note that the data points were considered to be uncorrelated at different epochs when performing the fit. Thus, even if some SN lightcurve are better sampled than others, all points have the same weight in the fit. As this is only a crude approximation, we take this into account in the determination of the uncertainties. For this reason, the uncertainties on the colour curves reported in Tables 5 -8 , are determined by the use of Monte-Carlo simulations, as explained in Section 7.
Intrinsic colour dispersion
The found colour-stretch relation contributes to decreasing the dispersion along the colour curve for all colours, once it is applied to the data. However, the remaining dispersion is still too large to be explained solely by statistical fluctuations based on the measurement errors. This forces us to conclude that there is remaining intrinsic dispersion in the SN colours. We follow the same procedure as in Nobili et al. (2003) in order to estimate the intrinsic dispersion for each colour as a function of time. The data, corrected for the colour-stretch relation found in the previous section, are divided in time bins. For each time bin, we compute the weighted average of the residual to the colour curve (for a s = 1 supernova), and the sample weighted standard deviation, as the square root of the weighted second moment (see Nobili et al. (2003) ). Table 2 gives the results of this analysis.
The weighted standard deviation can be taken as an estimate of the intrinsic dispersion in each time bin, ∆, however, as already pointed out in Nobili et al. (2003) , this is an overestimate since part of the scatter is due to measurement uncertainty only. In order to disentangle the two contributions, we run a Monte Carlo simulation to generate synthetic data sets, with dispersion given by the quoted measurement uncertainties only. Thus, we compute the weighed standard deviation on the simulated data sets, δ. Finally we run a hypothesis test, to compare the dispersion measured on the real data to those measured on the synthetic data sets for each colours. We set a level of significance α = 0.01 for rejecting the null hypothesis, i.e. the probability that ∆ δ under the assumption that the null hypothesis is correct is assumed equal to 1% (Nobili et al. 2003; Cowan 1998 ). For all cases for which the null hypothesis is rejected, we compute the quantity:
that we take as an estimate of the intrinsic dispersion, and a lower limit on this value is set at a 99% confidence limit. We found no cases compatible with no intrinsic dispersion. (see Table 2 ).
Supernova spectral template
The spectral template built by Hsiao et al. (2007) , ("hsiao" in our plots), was used as the starting assumption in the iterative method for this analysis. The template was built using ∼600 spectra for ∼100 SNe Ia where the observed spectra were colourcorrected to match a single SED, before averaging them into one uniform spectral template. The colours used were those in Knop et al. (2003) , corresponding to a "normal" s = 1 SNe Ia. The hsiao spectral template is meant to be used for computing Kcorrections after correcting it for the observed colours. This has the advantage of being independent of an assumed stretch-colour relation, but the resulting uncertainties on the K-corrections, depend on the availability of observed colours, and can be as large as 0.12 mag, as showed in Fig. 9 of Hsiao et al. (2007) . By using the colour-stretch relation derived with our technique, the spectral template colours can be adjusted for each supernova lightcurve shape, before computing K-corrections. In our case, the uncertainties on K-corrections are dominated by the intrinsic dispersion in the supernova colours. Whether these correspond to an intrinsic variability of the spectral features is beyond the scope of this work. We note, however, that there are several indications that at least some of the characteristic SN Ia spectral features correlate well with lightcurve shape parameters (Nugent et al. 1995; Benetti et al. 2005; Garavini et al. 2007 ).
Another interesting approach is the one in salt2 ). Instead of building spectral templates to be used for computing K-corrections, an empirical model that describes the time variation of the spectral energy distributions and its dependence on a lightcurve shape parameter (corresponding to stretch) is used. In this case, the SED is a function of epoch, wavelength and lightcurve shape parameter. This ambitious model is trained on about the same data set as the hsiao templates. However, due to the larger amount of parameters needed to describe the model, the uncertainties are quite large, especially in the U and I part of the spectrum, where fewer measurements are available.
A comparison between the spectral templates for a s = 1 supernova at some epochs from maximum light (day=-10,0,10,20) is shown in Fig. 5 . Differences in our colour corrected spectral template and the original hsiao template are small, up to 2%, and even smaller around maximum, about 0.5%. This differences originate from different data sets used to determine intrinsic colours. The hsiao-template uses the colours in Knop et al. (2003) , based on a smaller sample than the one used here. We note in particular, the U − B colour that was derived based on measurements of only 5 SNe Ia at maximum. When comparing our spectral template with the salt2 template we find large differences already for s = 1. We note, however, that the differences are mainly in the U part of the spectra where large uncertainties of the salt2 templates are reported by the authors.
To further compare the spectral templates, we have computed K-corrections using salt2 templates, hsiao templates and our templates for different values of the redshift. The results of the comparison for s = 1 are reported in Table 3 . The larger discrepancy is found for z = 0.6, where the mismatch of the observed and restframe filter is largest. This is in agreement with the results found by Hsiao et al. (2007) , suggesting an uncertainty of ∼ 0.04 in K-corrections for this redshift.
A comparison between the dependence of K-corrections on stretch, is only possible between salt2 and our templates. Fig. 6 shows the K-corrections to restframe B-band for two different redshifts z = 0.3 and z = 0.6 computed using the two sets of templates. The r.m.s. on the difference is reported in Table 4 . All the differences found demostrate that by using the uncorrected spectral template, it is possible to introduce systematic uncertainties as large as 0.04 mag, limiting our ability to use SNe Ia for precision cosmology.
The reddening law from SNe Ia
Corrections due to the wavelength dependence of the dimming of the supernova light is one of the largest systematic uncertainties in supernova cosmology. While the empirical evidence of the dependence of peak magnitudes on SN colours is very clear, there is no consensus on how to disentangle the contribution from reddening due to dust in the host galaxy and intrinsic SN colour variations. Moreover, most published results assume the dust in the host galaxy to have similar properties as (the average) Milky Way dust, implying a total to selective extinction parameter R V = 3.1. Studies of dust properties in small sets of distant galaxies indicate mean values compatible with this value, even though a significant range of values may be present (Ostman et al. 2007; Goudfrooij et al. 1994; Patil et al. 2007 ). Ideally, cosmological distance estimates using SNe Ia should include extinction corrections for each particular line of sight, including the specific dust properties of each host galaxy. However, as shown in (Nordin et al. 2008) , the variations of R V between lines of sight are much less problematic for cosmological applications than a potential bias in the adopted mean value.
Intriguingly, there are a large number of examples of measurements of the mean R V from SNe Ia, based on different methods, that disagree with the universally assumed value: a significantely smaller value of the mean R V is found. Some examples are R V ∼ 1.8 (Krisciunas et al. 2000) , R V = 2.55 ± 0.30 (Riess et al. 1996) , R V = 2.6 ± 0.4 (Phillips et al. 1999 ), R V = 1.09 (Tripp 1998) , R V = 2.5 (Altavilla et al. 2004) , β = 1.77 ± 0.16 corresponding to R V = 0.77 ± 0.16 (Astier et al. 2006; Guy et al. 2007) .
Using the fitted c parameters in Eq. 1 the reddening law that best describes the data can be determined. In fitting the c parameter for each colour, c UB , c BV , c VR , c RI , we minimize the part of the colour dispersion that depends on reddening, without assuming any value for R V . The four c parameters, one for each colour fitted, can then be used to estimate the parameter R V :
where R X ≡ A X /E(B − V), and A X is the dust absorption in a given band. We note that c BV = 1 by construction (see Eq.1), so we have 3 independent equations. Fig. 8 shows A λ − A B as a function of wavelength for E(B − V) = 0.1. The data points are determined using the c parameters. The dotted line is the Cardelli, Claython & Mathis (CCM) law assuming R V = 3.1 and the light grey solid line is the result of fitting the CCM law on our data points. The best fit is obtained for R V = 1.01 ± 0.25. The dashed line is the result of a similar procedure obtained by ) while developing the salt2 templates. A typical value of E(B − V) = 0.1 was used in analogy with the work of Guy et al. (2007) . We note that our measurements agree well with the results from salt2 in the R and I-bands, but disagree in the U-band. We note also, that the salt2 curve is not easily modeled by simply assuming a different value for R V in CCM.
For testing the effect of selecting a low extincted sample, we have introduced in the analysis 11 high extincted SNe. We assumed the same colour curves obtained on the low extincted sample, and we investigated the reddening law on the larger sample. The c parameters obtained in this way are slightly different, and lead to a larger value of R V when fitted by the CCM law, equal to R V = 1.75 ± 0.27. Given that the two samples are not independent from each other, since 69 SNe are present in both samples, the different values found are strikingly incompatible.
Monte Carlo simulations
Due to the potential correlation of the fitted parameters a, b and c, and the possible correlation in the intrinsic dispersion, we have chosen to use Monte Carlo simulations to estimate the uncertainties in the above parameters, as well as on R V .
The data suggests that the intrinsic colour dispersion is correlated between points at different epochs, e.g. if a SN is bluer than average at a given epoch, it is likely to remain bluer. ning the Monte Carlo simulations, we considered the uncertainty in the data for the two extreme cases of either full correlation or no correlation at all in the intrinsic dispersion (see Section 4). We found the case with no correlation gives the larger uncertainties on the fitted parameters, and we have conservatively chosen these as our estimate of the uncertainties.
We generated 100 synthetic data samples, with as many lightcurves as in the real set, according to the following prescription:
-We generate data points normally distributed around the light curves, with a dispersion, σ, given by the measurement uncertainties, assumed to be uncorrelated, plus an intrinsic dispersion fully correlated in time, i.e. all points of the same SN for a given band where given the same intrinsic dispersion at all epochs (case A) and fully uncorrelated (case B). The intrinsic dispersion is considered Gaussian, with a standard deviation of 0.05/ √ 2 6 . The data points are generated at the same epochs as the real data. 6 The value of 0.05 has been chosen a posteriori as average intrinsic dispersion in all colours at all epochs, given the results shown in Table 2 . Using a smaller value, such as 0.03, closer to the lower limit values in Table 2 , we find smaller uncertainties on the parameters. In addition, 62 0.14 ± 0.03 0.14 0.08 50 50 0.14 ± 0.04 0.14 0.08 -We compute the colours and use the measured E(B − V) to add reddening in each colour, given an assumed value of R V . -We fit the colour curves for the simulated samples, and retrieve the value of R V using the fitted c parameters.
The dispersion in the fitted parameters in all the simulated data sets is taken as uncertainty in the parameters, a, b and c fitted on the real data, as reported in Tables 5 -8. We run this test for two values: R (true) V = 1 and R (true) V = 1.75. In both cases we were able to retrieved the true value, i.e. we found no bias in our method. The dispersion measured as r.m.s. on the distribution of the R V can be taken as an estimated upper limit to the uncertainties on the determination of R V . We found σ = 0.13 (case A) and σ = 0.27 (case B).
Discussion
An extended analysis on supernova colour-curves and their dependence on the light curve shape parameter was presented in previous sections. An empirical model was defined, described by Eq. 1, and it was succefully fitted to the data. The robustness we assumed the intrinsic dispersion in colours to be equally distributed in the two bands Table 3 Comparison at different redshifts between the Kcorrections computed using the various spectral templates for s = 1. The corrections are computed from the band listed in the first column to restframe B-band. The mean and the r.m.s. are computed over time on the residuals to the K-corrections computed using our templates. The largest dispersion is noted at z = 0.6 where the mismatch between observed and restframe filters is maximum, as also noted by Hsiao et al. (2007) Table 4 Comparison between the dependence of K-corrections on stretch for two different redshifts, for salt2 and our templates. The mean and the r.m.s. are computed over time on the residuals to our templates. Once again the largest dispersion is noted at z = 0.6 where the mismatch between observed and restframe filters is maximum, and for more extreme stretch values. of the analysis, was thoroughly tested. The residuals from the colour curves were analyzed to search for further dependence on the stretch factor, SN redshift, or colour excess E(B−V). No significant correlation was found. Furthermore, the colour curves we derive describe well the subsample of very low extinction objects, E(B − V) 0.05, suggesting that the analysis is robust and not particularly affected by moderately reddened SNe.
In general, the dispersion we measured in all colours at all epochs is non-negligible, indicating that colours of Type Ia supernovae have more scatter than can be accounted for by the measurement uncertainties. These findings do not support earlier results based on a smaller sample where a negligible intrinsic scatter at late epochs was found in some colours (Nobili et al. 2003) . The same conclusion was reached by Jha et al. (2007) when studying an overlapping sample of nearby SNe Ia. They found an intrinsic dispersion of σ B−V = 0.062 at epoch +35, in agreement with the result reported here. The intrinsic dispersion for various epochs and colours is reported in Table 2 and could potentially be used to constrain and discriminate between different models of the physics of Type Ia SNe. We notice, in general, a larger dispersion in the U − B colour at all epochs than in all other colours. Due to the few data available, it is very difficult to establish whether the larger dispersion is a real characteristic of the U-band or a consequence of systematic effects. The U-band photometry is affected generally by larger measurement uncertainties, smaller instrumental sensitivity, and larger extinction corrections (both atmospheric extinction, and interstellar extinction in the Milky Way and in the host galaxy). The broad variability of the effective U-band bandpass shapes at different telescopes could lead to larger dispersion if accurate Scorrections are not applied (see e.g appendix in Stanishev et al. (2007) ). Even larger are perhaps the uncertainties that could be introduced by the colour term in the determination of the zero point. This is expected to be of the order of 0.1 mag in the Uband photometry (Suntzeff 2000) . Many of these systematic uncertainties are correlated at different epochs, and thus, can easily simulate a correlated intrinsic dispersion as the one observed in Fig. 7 Distribution of colour excess E(B − V) for the whole sample including 80 SNe. Fig. 8 The extinction law determined using the c parameters in our model, compared with the one from Cardelli et al. (1989) with R V = 1.01 (light grey solid line) and R V = 3.1 (dotted line). Also plot is the result by salt2 (dashed red line). The CCM law with R V = 1.01 give the best fit to our data (solid points). The lighted shaded region represent the variability on the R V parameter obtained by running the Monte Carlo simulation. The darker shaded region is obtained by adding 11 highly extincted SNe, and the CCM law with R V = 1.75 give the best fit to our data (solid squares). A value of E(B − V) = 0.1 was assumed for all the curves in the plot. the data. This is certainly a strong concern for U-band, but it could be a second order effect for other bands as well. A larger and more homogeneous data sample, such as the one collected by the SDSS collaboration, would be a major improvement for investigating these hypotheses.
We have built colour curves for hsiao and salt2 spectral templates by computing synthetic photometry, and compared them with our results. The left-hand panel of Fig. 9 shows a comparison of the colour curves U − B, B−V, V −R and R− I for an s = 1 supernova as derived from the three spectral templates consid-ered. The right-hand panel shows the colour curves for different stretch values for salt2. We note that there is a general good agreement in B−V colour curves for a standard s = 1 supernova, with differences within the intrinsic colour dispersion. This is expected, since the availability of both B and V band data is excellent. The larger deviations between models are present in the U − B colour curve. We note in particular the strong dependence on stretch shown by salt2 around day +40. This is unexpected and most probably an artifact of a poorly constrained model due too sparse data in the U-band at this late epochs. The same reasoning holds for the behaviour at early epochs. The salt2 colour curves show overall more wiggles than the colour curves derived in this work (see Fig. 2 ). One possible cause is the inhomogeneity of data quality. Some of the supernovae in the sample have very small measurement errors and if no intrinsic color dispersion is considered, they weight very heavily in the overall fit, possibly biasing the model. The comparison between spectral templates shown in Fig. 5 leads to the same conclusions. The salt2 templates show a behaviour below 4000 Å which is hard to attribute to real spectral features, both for early and late time (epoch=-10 and epoch=+20). These fluctuations are not present in the hsiao templates. Another anomaly in the salt2 templates is the emission feature at ∼ 7600 Å, shown in many of the spectra after maximum. Note, however, that these anomalies are within the reported uncertainties in the salt2 model.
When comparing with other published results, one should keep in mind the different aims of the various analyses. The salt2 templates, for instance, are a side product of a light curve fitter. Thus, the colour curves derived by computing synthetic photometry are not built on colour data, but are a consequence of adjusting the spectra by the colours of the supernovae. In this sense, they are subject to uncertainties introduced by the technique used for warping the spectra. Similarly the hsiao templates are built with the only aim of computing K-corrections, and not for fitting lightcurves or exploring colour properties. As mentioned in section 5, the average colour imposed to this template is the one by Knop et al. (2003) which based the U − B colour on the measurements of five supernovae at maximum. Another important difference is the much larger number of parameters used for building salt2 spectral templates, leading to increased uncertainties compared to this work and the hsiao templates. When using few parameters, one assumes implicitly some "resonable" constrains on the models, such as smoothness and the number of knots for the spline interpolation. The ability to relax these assumptions is limited by the quality and ammount of the avalaible data.
In section 6, we derive a reddening law from our sample which is well described by the CCM law with a low value of R V = 1.01 ± 0.25 for SNe with E(B − V) < 0.25 and R V = 1.75 for SNe with E(B − V) < 0.7 mag. It should be noted that, we have not used the CCM law in any part of the analysis, except for correcting the data for galactic reddening. The spectral templates are warped to match the average colour using a spline interpolation, and not the CCM curve. We assumed no prior on any value of R V or on any behaviour of the colour excess E(B − V). Yet, we find a good match to the CCM law. The direct comparison with what found by salt2, shows a very good agreement, except for the U-band (see Fig. 8 ), with differences of about 0.06 mag, for E(B − V) = 0.1. Given the intrinsic dispersion in the U − B, reported in Table 2 this is not a large discrepancy. Moreover, besides all the concerns already discussed about possible problems in the U-band for the salt2 templates, one should also considered the additional uncertainties specific to U-band discussed above.
When adding the 11 highly reddened SNe in our sample, up to E(B−V) < 0.7 mag 7 , the derived extinction properties change, yielding a larger value of the total-to-selective extinction parameter R V = 1.75 ± 0.27. The two values are statistically incompatible, given that they are determined using largely overlapping samples. Moreover, as pointed out in section 7, the quoted uncertainty may be overestimated, since determined assuming uncorrelated intrinsic dispersion between SN epochs. A lower uncertainty is found for the fully correlated case, σ R V ∼ 0.13, which would make the difference even more significant.
Using highly extincted SNe gives more leverage when studying extinction law properties. As it is not possible to perform this analysis only on the very small highly extincted SN sample available, the determination of R V on the larger sample remains our most robust global estimate of the total to selective extinction parameter.
Based on our findings we argue that it may not be surprising that different analyses, based on overall minimization techniques of the Hubble diagram, report different global fits of R V , as its determination depends much on the selection of the sample, and on the way the uncertainties are estimated. It is interesting to note that Tripp & Branch (1999) found a very similar result when minimizing the dispersion in the Hubble diagram: R V = 0.876 (inferred from the measured R B = 1.876 when considering SNe with E(B − V) < 0.20 mag and R V = 1.439 (inferred from the measured R B = 2.439) when this condition was relaxed.
As most samples used for fitting cosmological parameters, are selected based on low reddening, caution should be used when choosing the value of R V for reddening corrections. Even though the corrections could be small, a systematic bias may be introduced, and could lead to substantially different results, e.g. as shown by Conley et al. (2007) .
The many studies reporting measurements of R V inconsistent with the Milky-Way value (R V = 3.1) underline the need for a better understanding of dust properties in other galaxies. In this work we find that the reddening law for the low-extinction sample is statistically incompatible with the value derived with the full available sample. This may be taken as suggestive evidence for additional processes involved in forming the effective reddening law of SNe Ia besides dimming by interstellar dust, e.g. scattered light echoes due to dust in the circumstellar environment (Wang 2005; Patat et al. 2006; Wang et al. 2007 ), or intrinsic properties of the SN explosion mimicking reddening by dust. Unfortunatelly, only few high-quality colour measurements are currently available for highly reddened SNe Ia. Additional observations of SNe Ia with E(B − V) > 0.2 should be carried out to further investigate this issue. Wells et al. (1994) ; (1), Hamuy et al. (1996) ; (2), Riess et al. (1998) ; (3) 
